Truffles are hypogeous ectomycorrhizal (EM) fungi belonging to the genus Tuber. Although outplanting of truffle-inoculated host plants has enabled the realization of productive orchards, truffle cultivation is not yet standardized. Therefore, monitoring the distribution of fungal species in different truffle fields may help us to elucidate the factors that shape microbial communities and influence the propagation and fruiting of Tuber spp. In this study, we compared the fungal biodiversity in cultivated and natural Tuber melanosporum truffle fields located in Central Italy. To this end, ectomycorrhizas (ECM) and soil samples were molecularly analyzed, and an inventory of the fungi associated with Quercus pubescens plants colonized by T. melanosporum, Tuber aestivum or Tuber brumale was compiled. T. melanosporum and T. aestivum were dominant on the cultivated plants, and the number of EM species was markedly lower in the cultivated sites than in the natural sites. However, in the same site, EM biodiversity was higher in T. brumale-colonized plants than in T. melanosporum-colonized plants. These results suggest that different Tuber spp. may have different competitive effects on the other mycobionts. Additionally, in keeping with our previous findings, we found that the number of T. melanosporum genotypes recovered from the soil samples was higher than that of the underlying ECM.
Introduction
Tuber spp. are symbiotic ascomycetes that must establish a mutualistic interaction with the roots of their host plants for vegetative propagation and fruiting body formation. Because of the exceptional flavor of its fruit bodies, Tuber melanosporum, also known as the Périgord Black truffle, is one of the most appreciated truffle species worldwide. Reliable nursery procedures of root inoculation to produce host plants colonized with T. melanosporum were established in 1970s and have enabled largescale cultivation programs not only in Europe, where this fungus is endemic, but also in Australia, Chile, New Zealand, and the USA. These programs are aimed at counteracting the declining spontaneous production of this fungus, satisfying the increasing worldwide demand and producing truffles for out-of-season Northern Hemisphere markets (Garland, 1999; Hall et al., 2003) .
However, not all black truffle orchards are productive and, even in productive plantations, some plants never produce ascocarps. Thus, black truffle cultivation cannot yet be considered a fully standardized and reliable agronomic procedure.
Recently, our understanding of the reproductive system of this species has increased considerably (Riccioni et al., 2008; Martin et al., 2010; Rubini et al., 2011c) , and it is expected that the acquisition of basic information on the truffle life cycle will positively impact truffle field management in the near future. However, ecological factors controlling both the vegetative and reproductive spread of these fungi remain largely undeciphered. Therefore, studies aimed at assessing fungal biodiversity and dynamics in natural and cultivated truffle grounds will help us to shed light on the underground microbial network that may play a pivotal role in controlling truffle-host plant colonization, hyphal growth and fructification.
Several studies have been performed on the biodiversity of ectomycorrhizas (ECMs) in different truffle grounds (Chevalier et al., 1982; Granetti & Angelini, 1992; Donnini & Bencivenga, 1995; Granetti & Baciarelli Falini, 1997; Etayo & De Miguel, 1999; Ferrara et al., 1999; De Miguel & Sáez, 2005; Garcia-Barreda & Reyna, 2011) . In most of these studies, which generally have focused on cultivated orchards, the different ectomycorrhizal (EM) species have been typed using morphological methods. Accurate species sorting, however, may be difficult if based only on morphotyping. Indeed, species-specific morphological traits used to distinguish among ECMs of different species are few and highly influenced by environmental conditions, age and the host plant species (Egger, 1995) . The development of molecular markers has provided mycologists with new tools to evaluate EM fungal biodiversity. Markers based on the internal transcribed spacer (ITS) region of the rDNA locus are now broadly used to study ECMs in various environments (Horton & Bruns, 2001 ). For example, molecular typing has been recently used to study the EM communities in T. melanosporum and Tuber aestivum orchards (Baciarelli Falini et al., 2006; Pruett et al., 2008; Benucci et al., 2011) and in natural Tuber magnatum and Tuber borchii truffle grounds (Murat et al., 2005; Bertini et al., 2006; Iotti et al., 2010) . Napoli et al. (2010) compared the fungal communities in natural and cultivated T. melanosporum truffle grounds within and outside the 'brulé', that is, the 'burnt' zone next to truffle-colonized plants characterized by the scarcity or complete absence of understory vegetation (Fasolo-Bonfante & Fontana, 1971; Pacioni, 1991) and reported that inside the brulé, T. melanosporum reduced the richness of other EM species. Indeed, the competition of fungal species may play a significant role in determining the structure of EM communities (Kennedy & Bruns, 2005; Kennedy, 2010) . Therefore, the analysis of EM communities associated with both natural and cultivated productive truffle grounds may help to deepen our insight into the ecology of T. melanosporum and to ultimately annotate those EM species that might antagonistically interact with truffles for niche and host plant colonization.
To this end, we performed an analysis of ECMs and soil fungi in both cultivated and natural T. melanosporum truffle grounds to achieve the following goals: (1) to compare the biodiversity of EM species in natural and cultivated T. melanosporum truffle grounds; (2) to identify potential fungal competitors with respect to T. melanosporum; and (3) to gain preliminary insights into T. melanosporum strain biodiversity in different truffle grounds via ITS haplotyping. Additionally, the presence, within the T. melanosporum-cultivated sites, of plants originally inoculated with T. aestivum and of plants colonized by Tuber brumale provided us with an opportunity to compare the fungal biodiversity that exists on and next to the host plants that sustain different Tuber spp. on their roots.
Materials and methods

Sites description
The sites under investigation were two natural and two man-made T. melanosporum truffle grounds located in Central Italy. The natural truffle grounds were located near Leonessa (Rieti), in the surrounding areas of Vallunga (VNM; 42°34′57.91″N, 12°59′53.88″E) and Villa Gizzi (VGNM; 42°36′31.49″N, 12°57′57.49″E). These sites are at an altitude of approximately 900 m. The predominant tree is the downy oak (Quercus pubescens Willd.), with a patchy distribution (10-15 m of distance between trees). The productive trees were selected with the help of local truffle pickers, and all of the trees showed the characteristic brulé. The first cultivated plantation is located only 200 m from the natural truffle ground of Vallunga (42°35′10.23″N; 13°0′5.20″E). It was established in 1998 using Q. pubescens plants inoculated with T. melanosporum (VCM) in the eastern part and T. aestivum in the western part (VCA) of the truffle ground. This truffle plantation has been considered as unproductive because neither T. melanosporum nor T. aestivum truffles were ever harvested by the owner. The second cultivated plantation is located in Montemartano (42°47′26.49″N, 12°35′ 24.64″E) near Spoleto (Central Italy). It was established in 1995 with Q. pubescens plants inoculated with T. melanosporum (MCM). Most of the trees have produced T. melanosporum truffles since 2002, but some trees only produced the competing species T. brumale (MCB).
The natural and cultivated truffle grounds were selected to have similar pedo-ecological characteristics All truffle grounds present more than 30% of stones. Granulometric fractions content on average consist of 34.5 ± 3.7% clay, 42.5 ± 2.2% silt, and 23 ± 2.5% sand. The average content of organic matter is 3.92 ± 0.5% and pH is approximately 8.
ECM and soil sampling
Root samples were collected in July and October 2007 and January and April 2008. In each truffle ground, three oak plants were selected, and two samples were collected from each plant from opposite directions (north-south) and then pooled. In total, 12 root samples for each truffle ground (VCM, MCM, VNM, and VGNM) were analyzed. Twelve additional root samples from three oak plants producing T. brumale in the plantation of Montemartano (MCB) and from three oak plants inoculated with T. aestivum in the plantation of Vallunga (VCA) were sampled and analyzed.
Root samples were collected at a depth of approximately 15-20 cm using a soil corer, and the samples were stored at 4°C until processed. Each root sample was soaked in water and sieved to separate the root fragments and ECMs from the soil.
In July 2007 and January 2008, two soil samples were collected from the brulé areas of VCM, MCM, VNM, and VGNM trees after the removal of the first 3-cm layer. For each of the four truffle ground, the soil samples (~3 g from each sample) were pooled, stored at À20°C and used for DNA isolation.
Morphological analysis of ECMs
Each root sample was carefully examined to identify all EM morphotypes, according to Agerer (1986 Agerer ( , 1991 . The morphology and color of the ECMs were evaluated with a dissecting microscope on freshly isolated root tips. The features of the mantle surface and emanating elements were examined on ECMs mounted in 50% glycerol using a light microscope. The different EM morphotypes were collected and stored in 95% ethanol. Single ECMs were also stored at À80°C and later used for molecular analysis.
Molecular identification of ECMs
Genomic DNA was isolated from single ECMs as described by Paolocci et al. (1999) . The ITS region of the rDNA was amplified by PCR using the ITS1/ITS4 primer pair (White et al., 1990) according to Paolocci et al. (1999) . The PCR products were purified using a JetQuick spin column (Genomed) and directly sequenced using a BigDye terminator sequencing kit (Applied Biosystems) according to the instructions of the supplier. Sequencing reactions were run on an ABI 3130 Genetic Analyzer (Applied Biosystems) and the resulting sequences were deposited in GenBank under the following accession no. JF926843-JF927155.
Isolation and amplification of DNA from soil organisms DNA was isolated from 0.25 g of soil using the PowerSoil DNA Isolation Kit (Mo Bio) according to the manufacturer's instructions. Isolated DNA was visualized by electrophoresis on an agarose gel containing ethidium bromide and quantified by comparisons with DNA mass ladders (Invitrogen).
Soil DNA was analyzed by PCR amplification of the ITS region using the ITS1F/ITS4 primers pair (White et al., 1990; Gardes & Bruns, 1993) . PCR amplifications were carried out in a Gene Amp 9700 PCR system (Applied Biosystems) with the following cycling parameters: an initial denaturation step at 95°C for 3 min; 25 cycles consisting of 30 s at 95°C, 30 s at 55°C, and 45 s at 72°C, with a final extension of 7 min at 72°C. PCRs were performed in a 50-lL reaction mixture containing 200 lM of each dNTP, 10 pmol of each primer, 4 mM MgCl 2 , 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 2.5 units of Taq polymerase (GE healthcare), and 10-20 ng of target DNA. All of the PCR experiments included a negative control (no DNA template).
The obtained PCR products were used to generate ITS clone libraries. For this purpose, approximately 20 ng of amplified DNA was ligated into the pGEM-T Easy (Promega) plasmid and used to transform competent E. coli cells following standard protocols (Sambrook et al., 1989) . In total, four soil ITS clone libraries, one for each T. melanosporum truffle ground, were produced.
Individual colonies were picked and boiled in 20 lL of sterile water, and the DNA was PCR amplified with ITS1F/ITS4 primers. Each PCR product (5 lL) was run on a 1.5% agarose gel and visualized with ethidium bromide. The amplicons showing different sizes were purified using the JetQuick PCR purification Kit (Genomed) and sequenced. In total, from 40 to 60 clones were sequenced from each library.
The presence of T. melanosporum DNA in the soil samples was also verified using the species-specific ITS primers pair, ITSml/ITS4lng, according to Paolocci et al. (1999) .
Sequence analysis
Sequence assembly and editing were performed using the Bioedit software (Hall, 1999) . Operational taxonomic units (OTUs) were defined using Sequencher (Genecodes Corporation), considering the same OTU sequences with ! 97% similarity and without taking into account the differences in sequence length (Arnold et al., 2007) . For each OTU, the longest ITS sequence was selected and analyzed for the similarity with other sequences in the GenBank database using a BLAST search.
Data analysis
The diversity of EM communities in each truffle ground was evaluated using different estimators based on the abundance and frequency of ECMs. The OTU frequency and abundance were calculated for each tree and for each truffle ground. Because the ECMs with a similar morphotype from a given root sample always exhibited an identical ITS sequence (see Results), they were considered to belong to the same OTU. The relative frequency of each OTU was calculated as follows:
, where X i is the number of root or soil samples on which a given OTU was detected (Paulus et al., 2006) .
The relative abundance was defined as the number of ECMs of a given OTU divided by the total number of ECMs detected in each tree or in each truffle ground. The abundance was evaluated from the root samples collected in October 2007 by performing a subsampling of roots, according to Richard et al. (2005) . More specifically, from each plant, 20 distinct aggregates of ECMs were randomly selected, and all of the ECMs of each morphotype, for a total of 3292, were counted.
Species richness (S), consisting of the total number of OTUs in a given truffle ground, Simpson's diversity index (D) and Shannon-Weaver information index (H) (Shannon, 1948) were calculated using ESTIMATES v. 8.2.0 (Colwell, 2005) . Bray-Curtis and Jaccard dissimilarity indices and hierarchical clustering (HCLUST, using the average linkage option) were calculated using R 2.9 software (R Development Core Team, 2009) with the 'VEGAN' package v. 11.1-4 (Oksanen et al., 2010) . Correlation tests were performed using XLSTAT v. 7.5.2.
Results
Identification and comparison of EM fungi in the root samples from natural and cultivated grounds
The ECMs were identified by a combination of morphological and molecular analyses. Among all of the samples, 28 morphotypes were detected, and their description is provided in the Supporting information, Table S1 .
For each plant, all of the different EM morphotypes were collected, and the ITS region was PCR amplified and sequenced. As two or more single, randomly peaked ECMs for each morphotype per plant always showed identical ITS sequences (or sequences with similarity levels higher than 97%; data not shown), ECMs with similar morphotypes were assigned to the same OTU.
In total, considering all truffle grounds and seasonal sampling, 128 ECMs were molecularly analyzed. Grouping of the ITS sequences on the basis of 97% nucleotide similarity revealed 43 OTUs (Tables 1 and 2 ). The BLAST analyses revealed that 51% (22 OTUs) were basidiomycetes and 35% (15 OTUs) were EM ascomycetes. In a few samples (OTUs 66, 67, and 77), PCR-amplified saprophytic or pathogenic fungi that were likely associated with the EM fungus on the root tips. OTUs 5 and 65 were root endophytic fungi, and OTU 68 was ascribed to glomeromycetes (Table 1) .
A very low number of EM species was detected in the cultivated T. melanosporum truffle grounds, irrespective of the sampling season ( Table 2 ). As such, in VCM and MCM plants, 3 and 8 species, respectively, were detected. Such a low number of EM species was also detected in VCA plants, where only one species in addition to T. aestivum was identified. Interestingly, T. aestivum turned out to be the dominant species not only on VCA but also on VCM plants (Fig. 1a and b , Tables S2 and S3), conversely, T. melanosporum was the dominant species in MCM plants, being the most abundant and the most frequent (Table 2 , Fig. 1c) . A higher number of OTUs (15) was detected on plants producing T. brumale (MCB) from the same truffle ground. In this case, the most frequent species was T. brumale (OTU 52), followed by Trichophaea woolhopeia (OTU 32), some basidiomycetes (OTUs 49 and 58) and T. melanosporum (OTU 2), whereas the most abundant were Tomentella spp. (OTU 74 and 64), followed by Inocybe sp. (OTU 70), T. brumale, T. puberulum (OTUs 52 and 71) and some Telephoraceae (OTUs 55, 56; Fig. 1d ).
In the natural truffle grounds, the fungal diversity at root level was higher than in the cultivated sites: 19 and 25 species were recorded in VNM and VGNM, respectively (Table 2 ). In the natural truffle ground of Vallunga, the EM community was dominated by Cenococcum geophilum (OTU 10), followed by T. melanosporum. These two species were also the most abundant, together with a Thelephora sp. (OTU 61) (Fig. 1e) .
Similarly, in the natural truffle ground of Villa Gizzi, the most frequent species detected were Cenococcum geophilum and T. melanosporum. Cenococcum geophilum was also one of the most abundant, together with some Telephoraceae (OTUs 60, 57, and 61) and T. rufum (OTU 34) but not T. melanosporum (Fig. 1f) .
Diversity indices based on abundance and frequency confirmed that the two natural sites presented a higher level of diversity than the cultivated ones. The only exception was the T. brumale-producing plants from Montemartano, which showed a diversity of ECMs similar to that found in the two natural sites (Table 3) .
The number of EM species was lower in plants showing a high abundance of T. melanosporum or T. aestivum mycorrhizas: the Spearman's test indicated a significant negative correlation between the relative abundance (r 2 = À0.890, P < 0.0001, a = 0.05) or the relative frequency (r 2 = À0.879, P < 0.0001, a = 0.05) of T. melanosporum + T. aestivum ECMs and the number of total EM species (species richness) detected on each plant (Fig. 2) .
Similarity indices based on incidence (Jaccard) and frequency (Bray-Curtis) data and cluster analysis (Table S4 , Fig. S1 ) indicated close relationships between VCM and VCA, whereas the cultivated sites of Montemartano MCM and MCB were more closely related to the two natural sites (VNM and VGNM). Similar results were 
obtained using Sørensen and Morisita indices (data not shown).
Cenococcum geophilum (OTU 10) ECMs were shared by all of the natural plants and were detected on the plant 12 from MCB but not on the other cultivated plants. Similarly, OTUs 61 and 51 were present in most of the natural plants but were not or were rarely detected in the cultivated sites.
Characterization and comparison of fungal species from soil clone libraries
From the analysis of ITS clone libraries from the four T. melanosporum truffle grounds, 53 fungal taxa were found and, among them, 26 were EM fungi (18 basidiomycetes and eight ascomycetes), half of which also found at the root level (Table 1) .
Non-EM fungal species (21 OTUs), most of which were amplified from the VCQM truffle ground (14 OTUs), consisted of mitosporic ascomycetes, basidiomycetes, zygomycetes, and glomeromycota. Furthermore, six OTUs were of undetermined classification (Tables 1 and 4) .
The cultivated truffle grounds showed a lower number of EM species than natural sites. More specifically, in soil samples from VCM and MCM, only three and seven OTUs, respectively, relative to EM fungi were found (Table 4 ). In the soil samples from VCM site, two EM species were found in addition to T. melanosporum (see the analysis with species-specific primers reported below) and T. aestivum: T. woolhopeia (OTU 33) and a Tomentella sp. (OTU 59) (Table 4, Fig. 3a ). In the soil samples from the MCM site, besides the two most abundant species, that is, T. melanosporum and T. woolhopeia (OTUs 2 and 32) present at root level, five additional EM species were identified as soil free-living mycelia (OTUs 1, 3, 10, 11, and 47) ( Table 4 , Fig. 3b ).
In the soil from the two natural truffle grounds (VNM and VGNM), 16 and 12 OTUs, respectively, relative to EM species were detected. On VNM and VGNM truffle grounds, only five (OTUs 1, 2, 3, 4, and 10) and six (OTUs 3, 4, 10, 57, 72, and 79) species, respectively, were shared between soil and root samples (Table 4 , Fig. 3c  and d) . In both cases, these OTUs were among the most abundant and frequent species detected at the root level ( Fig. 1e and f) .
As shown in Table 4 , some of the soil EM fungi were shared between the truffle grounds. Five (OTUs 1, 2, 3, 10, and 11) and three (OTUs 3, 10, and 11) species from MCM were also present in the VNM and in VGNM natural sites, respectively, and the two natural sites shared seven EM species (OTUs 3, 4, 10, 11, 12, 72, and 79).
In contrast, VCM site did not share any EM species with the other sites in addition to T. melanosporum.
Non-EM fungi were detected predominantly from the VCM site (14 OTUs), and only OTU 9 was shared between two sites.
Distribution and genetic variability of T. melanosporum
Tuber melanosporum ECMs were found in both the natural and cultivated sites. T. melanosporum ECMs were Morphotype descriptions are reported in Table S1 . truffle ground of Villa Gizzi. However, the presence of this fungus in the soil of all of these truffle grounds was detected using T. melanosporum ITS species-specific primers. Using the sequences obtained from both the ECMs and soil clone libraries, the ITS haplotypes I, II, and IV, which were previously described by Murat et al. (2004) and Riccioni et al. (2008) , were detected. More specifically, haplotypes I, II and IV were detected in the P1  P2  P3  P4  P5  P6  P7  P8  P9  P10  P11  P12  P13  P14  P15  P16  P17  P18   1  d  d  2  ab  ab  abcd  abcd  abcd  cd  d  abcd  abc  d  ad  3 soil clone libraries from MCM, whereas ITS haplotypes I and IV were detected in the VNM soil samples. The analysis of T. melanosporum ECMs from VNM, VCM, MCB, and MCM revealed the presence of ITS haplotype I only.
Discussion
The analysis of the community ecology underneath truffle grounds has the potential to deepen our understanding of microbial determinants that might actively control the Fungal communities in natural and cultivated truffle grounds vegetative spreading of Tuber spp. By performing a parallel morphotyping and molecular typing of ECMs and a molecular typing of soil fungi associated to T. melanosporum fields here we show that T. melanosporum natural truffle grounds are more species-rich than the cultivated ones and that under similar ecological conditions the fungal community is likely shaped by species-specific compounds secreted by Tuber ECMs.
Fungal biodiversity differs between natural and cultivated truffle grounds
Our extensive morphological and molecular survey of the fungal communities from four T. melanosporum grounds allowed the molecular identification of more than 80 OTUs, 50 of which were EM species. For the fungal species detected as ECMs, a preliminary morphological description is also provided. A reduction in the number of EM species on plants from cultivated truffle grounds compared with those from natural sites was detected; in the two cultivated sites, species diversity was significantly lower on plants highly colonized by T. melanosporum and T. aestivum. A low number of EM species in cultivated T. melanosporum plants was previously reported. Baciarelli Falini et al. (2006) detected only one or two morphotypes in plants highly colonized by T. melanosporum. A recent study conducted on a T. aestivum-cultivated orchard found that fungal EM communities vary with the host species at root level (Benucci et al., 2011) . As such, the community of EM fungi on hazel plants colonized by T. aestivum was found to be richer in terms of taxa than T. aestivum-colonized hornbeam plants grown in the same environment. However, whether this effect depends on the abundance of T. aestivum ECMs on host plant roots was not investigated. The present study shows that the number of EM species is negatively correlated with the abundance of T. melanosporum and T. aestivum ECMs. Napoli et al. (2010) , reported a lower diversity of fungi in the soils sampled within than outside the brulé formed by T. melanosporum-colonized plants, but whether the fungal communities differ both quantitatively and qualitatively between brulé from natural and cultivated sites was not addressed. The ITS-based screening, which was here performed to identify, in a cost-affordable manner, as many fungal variants in the soils as possible, proves that the decrease in richness of EM species on roots of plants from cultivated vs. natural T. melanospo- rum truffle grounds is reflected by a parallel decrease in soil fungi. At the light that nurseries take care that contaminating fungi are excluded from the plants produced, so that greenhouse-inoculated plants have generally a high percentage of truffle ECMs at the time of outplanting, it can be argued that, once inoculated, some if not all Tuber species negatively affect fungal competitors from spreading on and next to their host plants. The competitive advantage of inoculated ECM species over soil-resident fungi and of early colonists over later arrivers is a well-documented phenomenon known as 'priority effects' (Kennedy et al., 2009 ). Yet, we note that T. aestivum and T. melanosporum on Q. pubescens both formed a brulé on both cultivated and natural sites. Indeed, volatile organic compounds (VOCs) and methanolic extracts from different truffle species have recently been shown to exert allelopathic activity (Pacioni, 1991; Angelini et al., 2010; Splivallo et al., 2011) . It is conceivable that these metabolites may also participate in controlling processes involved in plant-microorganism or microorganism-microorganism interactions, thus negatively affecting the growth of putative fungal competitors for host plant and/or niche colonization. Therefore, it is conceivable that the priority effect conferred by the artificial mycorrhization and allelopathy may act synergistically (Kennedy, 2010) . The alternative explanation that, in cultivated truffle grounds, agronomic practices might interfere with the spreading and colonization of indigenous EM species seems less likely. In the cultivated plantation of Montemartano, plants producing T. brumale exhibited a richness of ECMs higher than that of the plants producing T. melanosporum suggesting that the anthropogenic impact is not Montero et al., 2008) . Furthermore, the parallel screening of ECMs and soil fungi from both natural and cultivated, productive and unproductive, grounds here carried out provided us this intriguing hints concerning the composition of EM communities in different T. melanosporum sites: indeed, in the cultivated sites of Montemartano (MCM and MCB), the associated fungal communities were more similar to those of the natural sites (VNM and VGNM) than to those of the cultivated sites of Vallunga (VCM, VCA), despite that these sites are geographically closer to VNM and VGNM. The cultivated site of Montemartano is productive, whereas in the cultivated site of Vallunga the production of T. aestivum or T. melanosporum was never achieved. In VCM and VCA, the number of EM fungi is markedly lower than in the other sites (Tables 2 and 4) . Altogether it can be argued that the association with nonTuber EM species is not per se a factor sufficient to perturb truffle production on both naturally or artificially inoculated truffle plants.
Soil fungal biodiversity within and outside the brulé was studied in French T. melanosporum truffle grounds by denaturing gradient gel electrophoresis (DGGE) (Napoli et al., 2010) and by pyrosequencing of the ITS . The comparison of our results with those from Napoli et al. (2010) highlights the presence of 21 OTUs shared between French and Italian sites, many of these (11) related to fungi detected inside the brulé (Table  S5) . Similarly, Mello et al. (2011) reported the abundant presence of Hypocreales, Basidiomycetes such as Cryptococcus, Hymenogaster as well as members of Thelephoraceae, also detected in our samples. Differently from what found in French T. melanosporum sites, our screening highlighted the presence either as root resident or as soil freeliving mycelia of OTUs relative to the T. woolhopeia complex as well as to C. geophilum. Notably, T. woolhopeia species complex forms the AD-type ECMs described by Giraud (1988) (Rubini et al., 2011a) . Indeed, AD-type ECMs have been frequently found in both T. melanosporum and T. aestivum truffle orchards (Giraud, 1988; De Miguel & Sáez, 2005; Baciarelli Falini et al., 2006; Suz et al., 2010; Benucci et al., 2011) . The presence of T. woolhopeia in both cultivated and natural truffle grounds under investigation lends further support to the idea that fungi belonging to this species complex are competitors of T. melanosporum and T. aestivum (Benucci et al., 2011; Rubini et al., 2011a) . A similar conclusion could be drawn for C. geophilum, which is considered a cosmopolitan EM species (LoBuglio et al., 1996) . Cenococcum geophilum was in fact one of the dominant species in the two natural truffle grounds and this is in line with previous studies reporting its presence on both cultivated and natural T. melanosporum grounds (Baciarelli Falini et al., 2008; González-Armada et al., 2010) .
We finally note that some dominant EM species such as T. melanosporum and T. aestivum in cultivated sites or C. geophilum in natural sites were not detected across all the seasonal samplings in all the sampled hosts. Indeed, when the distribution of a specific EM taxon on the plant roots is not sufficiently uniform, it is more than conceivable that its presence could be underestimated. Along the same reasoning, the fluctuating presence of most EM species as soil free-living mycelia was an expected result, as we have previously shown that the presence of T. melanosporum free-living mycelia was dependent on the season (Rubini et al., 2011b) . Overall, the life cycle and seasonal effects appear to control the spreading of EM as well as non-EM fungal species as soil free-living mycelia.
Thus far, only a few studies on the competitive interactions involving Tuber species, such as T. melanosporum vs. T. brumale (Mamoun & Olivier, 1993) or T. aestivum vs. other EM fungi (Pruett et al., 2008) , have been performed. Indeed, dedicated studies are needed to ascertain the extent of the competitive interaction between Tuber and other EM species. The isolation of mycelia from most of the ECMs identified in this study is expected to help establish in vitro dual cultures to assess whether co-colonizing fungi exert any competing effects on the growth of T. melanosporum mycelia.
Tuber melanosporum strain distribution by ITS haplotyping
The data presented here show that ITS haplotype I was the most common T. melanosporum haplotype. This result agrees with those reported in Murat et al. (2004) and Riccioni et al. (2008) who showed that haplotype I is the most widespread T. melanosporum haplotype.
More specifically, all of the T. melanosporum ECMs analyzed showed ITS haplotype I. Conversely, in addition to haplotype I, haplotype IV and haplotypes II and IV were detected in the soil samples collected next to the VNM and MCM plants, respectively. That ECMs with a single ITS haplotype are surrounded by soil living mycelia with different haplotypes from each other in productive truffle sites (VNM and MCM) is an evidence that fits nicely with heterothallism in T. melanosporum and the model that ECM strains act as maternal partner and the soil strains as paternal one in the fertilizing process (Rubini et al., 2011b) . Along the same line, present ITSbased data are in keeping with the model which suggests that single host plants and even nearby plants in a given site are colonized by the same black truffle strain that likely represents a genet (Rubini et al., 2011b) .
The findings that in some soil samples (VCM and VGNM), T. melanosporum was detected only by means of T. melanosporum-specific ITS primers and that different strains were detected within a single truffle ground prompt us to argue the following: (1) the presence and distribution of soil free-living T. melanosporum mycelia can be below the amplification detection limit (using universal ITS primers) in complex and species-rich environmental samples, and (2) the development of speciesspecific and highly polymorphic markers, such as SSR loci, provides a new tool to analyze and compare the T. melanosporum biodiversity at both the ECM and soil levels in natural and cultivated as well as productive and nonproductive black truffle grounds. Thus, SSR-and mating-type-based genotyping of the ECMs and soil samples from the truffle sites investigated in this study will be performed in the future to assess and compare further the spatial and temporal distribution of T. melanosporum strain biodiversity under different ecological niches.
Conclusions
This study, based on a molecular inventory at both the root and soil levels of fungal biodiversity, provides an insight into the distribution and seasonal variation of the fungal community in natural and cultivated T. melanosporum sites and advances our understanding of the factors that influence fungal assemblage on truffle sites. For the first time, we provide evidence that fungal communities underneath cultivated and natural T. melanosporum plants can diverge and, under identical environmental conditions (i.e. host plant species and microhabitats), the composition of soil and EM mycobionts depends highly on the truffle species colonizing the root system.
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